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ABSTRACT
The concept of ratchetting strain as a crack driving force in controlling crack growth has previously been explored at Portsmouth using numerical approaches for nickel-based superalloys. In this paper, we report the first quantitative experimental evidence of near-tip strain ratchetting with cycles, as captured in situ by Digital Image Correlation (DIC) technique on a compact tension specimen of stainless steel 316L, using both Stereo and SEM systems. The evolution of the near-tip strains with loading cycles was monitored whilst the crack tip was kept stationary. The strains normal to the crack plane were examined over selected distances from 6 to 57 microns to the crack tip for a number of cycles. The results show that strain ratchetting occurs with loading cycles, and is particularly evident close to the crack tip and under higher loads.  3D finite element models have also been developed to simulate the experiments and the results from the simulation are compared with those from the DIC measurements.
This is the first time that near-tip strain ratchetting has been captured in situ at the peak loads during cyclic loading.
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1. Introduction
        Under small-scale yielding conditions, where a plastic zone is sufficiently small and embedded within an elastic stress field, a crack tip may be uniquely characterised by the stress intensity factor range , and fatigue crack growth may be correlated using the Paris' law based on linear elastic fracture mechanics (LEFM) [1, 2].  The method has been used successfully for decades as an engineering solution to fatigue crack growth, although the mechanistic aspects of fatigue crack growth is not considered in this essentially empirical approach.  It has been known that plastic strain accumulation occurs under cyclic loading near the crack tip [3, 4], and this is further confirmed by some of the latest experimental evidence both in crack formation and in early [5] and steady-state crack growth [6].  It seems logical to examine the relationship between near-tip strains and crack growth so that a more physical approach might be found to overcome some of the limitations of the LEFM approach. 
Strain ratchetting [7, 8] occurs when materials are subjected to cyclic loadings with a non-zero mean stress, such that inelastic strains progressively accumulate with the increasing cycles, leading to ductile failure.  Experimental results have shown that [9] ratchetting strain increases progressively with cyclic loading and its evolution is accelerated with increasing applied mean stress and stress amplitude. Failure may occur when the accumulated strain or the ratchetting strain reaches a critical value, a criterion that has been applied to predict the uniaxial fatigue life of metallic materials [10]. However, such a concept is not readily applicable to a crack tip, when multiaxial stress/strain states exist and an accurate measurement of near-tip strains is not trivial using conventional experimental methods.
Digital image correlation (DIC) has been used for full-field displacement and strain measurements [11, 12] in fracture mechanics [13, 14] and fatigue analysis [6, 15-18].  By post-processing displacement fields measured on the surface of a specimen containing a crack tip, information such as stress intensity factor [16, 17], T-stress [17], crack tip opening displacement [15] and tensile and shear strains ahead of the crack tip in mode I [6] and mixed-mode [18] have been obtained.  Although such information has provided critical quantitative measures of parameters associated with fatigue crack growth, particularly for the evaluation of global crack driving forces [17], an in situ assessment of local damage parameter evolution that might lead to crack growth has yet to be attempted.
The concept of ratchetting strain as a crack driving force in controlling crack growth has been proposed by the Portsmouth team, utilising selected constitutive models, including elastic-plastic, visco-plastic and crystal-plastic formulations for nickel-based superalloys [19-22]. Most recently, this phenomenon has been reproduced using discrete dislocation dynamics simulation [23], where dislocation climb was identified as the most dominant micro-mechanism for ratchetting.  Ratchetting of crack tip opening displacements in mode I and shear displacements in mixed-mode I and II has also been predicted by Pommier et al [18, 24].  The crack length increment was found to be proportional to the increment of the plastic crack tip displacement, hence ratchetting was considered relevant to crack growth.  More recently, the concept has been successfully applied to fatigue crack growth of a nickel alloy in vacuum at a range of temperatures [25], where the influence of oxidation is removed.  Although all these results are encouraging, no direct in situ experimental evidence is yet available to support this line of reasoning.  





2.1 Material, Specimen and Loading Conditions
        The material used was SS316L. The average grain size of the material along the rolling direction was approximately 28.5 µm.  CT specimens from the same source were used for both experiments.  For the Stereo-DIC work, two CT specimens with a width of 56 mm and a thickness of 7 mm were employed; whilst for the SEM-DIC work, a CT specimen with a width of 23.2 mm and a thickness of 6 mm was used.   For the former, the specimens were pre-cracked in a servo-hydraulic test machine under cyclic tension to obtain a suitable fatigue crack length, resulting in a/W of 0.47 and 0.55 for Test 3 and Test 4, respectively.  For the latter, a similar procedure was performed to obtain a/W of 0.45.  
        An increasing load sequence was used for the Stereo-DIC experiments, as detailed in Table 1 and illustrated in Fig. 1 for Test 3 and Test 4.  In essence, the loading range was increased gradually whilst the load ratio was maintained at about 0.1.  The maximum stress intensity factor achieved for Test 3 was between 19 to 29; whilst 25 to 47  achieved for Test 4.  The cyclic tests were conducted under load control in an ESH 6702 Major servo-hydraulic machine at room temperature. 
For the SEM work, the precracked specimen was mounted on a tensile stage (load capacity ±10 KN) adapted to a Philips XL40 SEM [27] operated at 20KV. The specimen was submitted to a cyclic loading under load control at R = 0.1. Only a limited number of cycles were applied in each test so that micro-crack growth was reduced to a minimum and the crack remained essentially stationary.  Two loading sequences were applied: Firstly, ten cycles were applied at (denoted as “Seq 2”); this was followed by five more cycles (denoted as “Seq 3”) at .  The details of the experimental arrangement are given in Table 2. 
2.2. Stereo-DIC
        A random speckle pattern was applied on the specimen surface to facilitate the image analysis. Two cameras, each with a resolution of 1224 x 1024 pixels coupled with a stereo-microscope, were used to obtain the stereo images of the region of interest. The evolution of the strain fields near the crack tip was monitored during the cyclic loading using a Stereo-Microscope-DIC system, Vic-3D MicroTM by Correlated Solutions [28]. A loading frequency of 0.1 Hz was used for the testing to allow sufficient time to collect the data. The images were captured at a frame rate of 5 per second for each cycle and about 50 images were recorded for each cycle. The digital images were divided into smaller interrogation windows, or sub-sets, a matching process was performed on each of the sub-sets.  A full field map of displacements/strains for each subset was obtained after a correlation process by LaVision DaVis (8.1.1) was completed.  The size of the subsets in this study was chosen as 28 x 28 pixels with a step size of 3 pixels, whilst the field of view of the images was approximately 2.15mm x 1.80mm, giving a spatial resolution of 1.76μm/pixel.  The procedure allowed good image correlation quality (>0.95) achieved at acceptable computational costs.
To study the near-tip strain evolution with load cycles, regions of interest near the crack tip were predefined so that the strain distributions over the region may be studied.  In this work, normal strains along the perceived global crack path and immediately ahead of the crack tip at two points, R1 and R2 (Fig. 2a), were monitored.  The distance of the two points to the crack tip was 28.5µm and 57.0µm, respectively.  These values were selected to be approximately one and two times of the average grain size of the material, consistent with our hypothesis [19-22].  The strain data at each location were calculated by averaging the strain data of all the points within a 25µm x 25µm square.  The crack length was monitored at each step of the loading, and corrected as necessary where micro crack growth was detected, to ensure that the distance to the real crack tip for the two points remains the same throughout the test.  Apparent micro-crack growth was detected during some of the early loading sequences, such as in Test series 3-1 to 3-3 and Test 4-1 and 4-2.  This was found to be artificial, as the crack was not yet fully opened under relatively low loads in these early stages.  For this reason, the crack length in the first three sets in Test 3 and that in the first two sets in Test 4 were taken to be the same as those in the subsequent test series, i.e. 26.15mm and 30.68mm, respectively.  Further micro-crack growth was found to be within approximately 20 microns, with the exception of the last two of Test 4 (4-7 and 4-8), which amounted to 40 microns and corrections were made accordingly in these cases. 
2.3 SEM-DIC
The specimen surface was carefully polished and square-shaped gold micro-grids with a pitch of 4m were laid on the surface of the specimen in the region of interest, i.e. ahead of the crack tip along the crack path, using a lithographic process described in [29] (Fig. 2b).  Digital images of 2048 x 2048 pixels were obtained with a magnification of 950, providing a resolution of approximately 0.1m/pixel.  A Gaussian filter was first applied to the image data to remove background noise.  An in-house algorithm CorrelManuV [29] was used for image correlation by minimizing a correlation function C:
                                               (1)
where  and  are the coordinates (in pixels) of corresponding points in the reference image and in the deformed image;  and  are the grey levels of point  in the reference image and in the deformed image;  and  are the average of the grey levels on the domain D and on the corresponding domain transformed by , respectively.  The correlation coefficient C was close to 0.05 (perfect match C = 0), indicative of a very good match. The transformation  was assumed to be a translation coupled with a rotation and a homogeneous deformation, whose gradient is equal to the macroscopic gradient. The coordinates of the centres of the homologous domains determine the displacement field, which was used to calculate the in-plane components of the local strain tensor.  The latter was obtained at each point of the grid by averaging the local transformation gradient affecting a domain defined by the neighbouring points [29].  When an integration domain, as illustrated in Fig. 3(c) with eight neighbouring points, was used, where the local gradient was averaged over an 8μm  8μm area with the corresponding grid intersection points considered, this scheme produces more accurate results for larger strains [29].  
The images were taken at the peak loads during each cycle of a test sequence, which were then correlated with the same image taken at zero load before the start of the test sequence.  The scanning time of each image was limited to 60 seconds in order to minimise the potential influence of creep and micro crack growth whilst a sufficient period of time is allowed to capture the details.  Since the crack was neither perfectly straight at the micro-scale, nor aligned with a specific line of the micro-grid, the normal strains were averaged over two points immediately above and below the crack tip, after the area averaging scheme given above.  Normal strains ahead of the crack tip at three points, R1, R2 and R3 were monitored at distances to the crack tip 6µm, 10µm and 14µm, respectively, and presented as a function of number of cycles.   
3. Finite element analysis
 3.1 The material model
        3D FE models of the CT specimens used in the DIC work were developed, where the constraint effects through the thickness of CT-specimen on strains were considered by using the exact dimensions of the test specimens.  The analyses were carried out using ABAQUS [30].  
       Normally if a material does not exhibit significant cyclic hardening, isotropic hardening is often neglected and only kinematic hardening is considered [31, 32].  For stainless steels, cyclic hardening is known to be significant hence both kinematic and isotropic hardening were considered [33].  A simple material model was adopted from Lemaitre and Chaboche [26] with both isotropic and kinematic hardening rules, for convenience as well as to maintain consistency with our previous work [19], where a more detailed Chaboche model was used.  Specifically, the von Mises yield criterion is defined as:
                                                                 (2)
where  is the deviatoric part of the back stress and  is the deviatoric stress tensor.
       The size of the yield surface, , is defined as a function of equivalent plastic strain , temperature  and field variables .  A simple exponential law was used to describe isotropic hardening:
                                                                                     (3)                                        
where  is the yield surface size at zero plastic strain, and  and   QUOTE   QUOTE  are additional material parameters calibrated from cyclic test data.  The equivalent plastic strain is given by:
                                                      (4)
        The overall back stress is composed of multiple back stress components, where the evolution of the back stress components of the model is defined as:
                                                        (5)
and the overall back stress is computed from the relation
                                                                                         (6)
where  is the number of back stress,  and   QUOTE  are kinematic hardening parameters, and  is the rate of change of  with respect to temperature and field variables.  In the present case only  was considered for simplicity.
        The above equations contain five parameters which need to be determined prior to the analyses: Initial yield stress ; kinematic hardening parameters  and ; and isotropic hardening parameters  and . These parameter values for SS316L were adopted from van Eeten and  (​http:​/​​/​www.engineeringvillage.com​/​controller​/​servlet​/​Controller?CID=quickSearchCitationFormat&searchWord1=%7bvan+Eeten%2C+P.%7d&section1=AU&database=2105347&yearselect=yearrange&sort=yr" \o "Search Author​)Nilsson  (​http:​/​​/​www.engineeringvillage.com​/​controller​/​servlet​/​Controller?CID=quickSearchCitationFormat&searchWord1=%7bNilsson%2C+F.%7d&section1=AU&database=2105347&yearselect=yearrange&sort=yr" \o "Search Author​)[34] who extracted these from the experimental data obtained under strain-controlled cyclic tests at a strain range = 4.0%. The five material parameters are presented in Table 3. The Young's modulus and Poisson's ratio of SS316L are taken as 193 GPa and 0.3, respectively.
3.2 Finite element models
        3D FE models were developed for the same geometries of the CT specimens used in the Stereo-DIC (specimen A) and SEM-DIC (specimen B), as described in 2.1. Due to symmetry only a quarter of the specimen was considered in the FE models. The models were meshed by 8-noded brick element C3D8R with reduced integration and enhanced hourglass control to prevent both shear locking and hourglass mode during the analysis.  A 3D FE model mesh is shown in Fig. 3, where the near-tip region was treated with refined meshes to capture the large strain gradients due to the presence of the crack in both specimens.  A mesh convergence analysis was carried out, from which a mesh size of 3 µm for specimen A and 4 µm for specimen B, with 25 elements through the thickness of the specimens were found to be adequate for the influence of mesh size on the stress-strain curves to be negligible.  The refined meshes near the crack tip are shown in Fig. 3(a) for specimen A used for the Stereo-DIC and Fig. 3(b) for specimen B used for the SEM-DIC.  The finest mesh size is 1.5 m for specimen A, whilst 2m for specimen B. 
        A rigid surface was defined along the symmetry on the -plane, as shown in Fig. 3, to prevent potential penetration of the crack flanks due to potential crack closure under cyclic loading and contact pairs were constructed between the crack surface and the rigid surface.  No slip was assumed to occur between the loading pin and the CT-specimen, and the loading pin was modelled as elastic with cyclic tensile loading applied to the centre of the loading pin. Cyclic loading schemes as shown in Fig. 1, Table 1 and Table 2 were applied to specimen A and specimen B accordingly.  In specimen A, a sequential crack tip node-releasing technique was used to model the crack growth under cyclic loadings, where nodes are released incrementally and usually set to the size of the crack-tip element [35, 36]. Nodes may be released at the maximum loading [37], the minimum loading [38, 39] or along the forward loading excursion [40]. In the present analysis, crack growth was simulated by releasing one node during two cycles at the minimum applied stress to avoid a sudden change in the measured displacement [36]. When the micro-crack reached the last crack length for each loading set, the normal strain values at the element nodes with the number of cycles were calculated by using an interpolation method in ABAQUS post-processing module, and the maximum average strain for each cycle was obtained at the location R1 and R2 (Fig. 3(a)), similar to those obtained in the Stereo-DIC measurements. It should be noted that, for the first-order element C3D8R with reduced integration, the single-point reduced-integration scheme is based on the "uniform strain formulation", that is, the strains are not obtained at the first-order Gauss point but are obtained as the average strain over the element volume. 
        In specimen B of the SEM-DIC work, the crack growth was negligible due to the limited number of cycles applied, so it was assumed that the crack remained stationary during the entire loading/unloading period. Once again, by using an interpolation method in ABAQUS post-processing module, the maximum strains with cycle were obtained at the element nodes at a distance of 6, 10 or 14 m to the crack tip (Fig. 3(b)) for Seq 2 and Seq 3 loading sets.  It should be noted that, to capture the points in FE analysis correctly, the surface mesh nodes around the crack-tip in the FE model were created to match the points used in the SEM-DIC (see Fig. 2b and Fig. 3(b)). 
Note the difference in the strain calculation from the two DIC methods: In the Stereo-DIC, an average strain value was obtained from a measurement area of 25m x 12.5m (Fig. 3(a)); whilst in the SEM-DIC, the average strain value was obtained over two points above the crack tip (Fig. 3(b)) after an averaging scheme using 8 integration points over an area of 8m x 8m (Fig. 3(c)).  
The influence of the initial crack blunting due to pre-cracking on the crack-tip strain field was neglected by using a sharp crack in the simulations, although pre-history effects due to pre-cracking was considered.
4. Results and discussion
        The aim of this study was to examine the near-tip strain evolution with cycles by in situ experimental observation via two independent experiments, Stereo-DIC and SEM-DIC; and to simulate the experiments using the FE method.  The main goal was to test our hypothesis that ratchetting occurs ahead of a crack tip; whilst a secondary purpose is to see if the experimental results may be reproduced by the FE simulations.  Fig.4 shows a summary of the experimental results, where the normal maximum strains at peak loads are plotted as a function of the number of cycles for Test 3 and Test 4 of the Stereo-DIC, and for Seq 2 and Seq 3 of the SEM work.  It is immediately clear that strain ratchetting occurred in all the locations, and for almost all the load cases examined, except the lowest.  Ratchetting is more prominent closer to the crack tip, and at higher loads in the later stages of the loading sequence (see Table 1 and Table 2).  This is the first time such an observation has been made in situ quantitatively.  Note the difference in the distances to the crack tip in the two methods: Results presented in (a) and (b) are obtained at a distance of one and two grain sizes; whilst results in in (c) and (d) are obtained from much closer to the crack tip (6 - 14µm).  The original plan was to have an overlapping region to correlate the results from the two independent experiments, although this was abandoned due to the large scatter band at strain values about and below 1% in the SEM work, as well as the different algorithms used for image correlation.  Nevertheless the results from the two experiments seem to be consistent in indicating ratchetting ahead of a crack tip.   
Fig. 5(a) and Fig. 5(b) show the comparison of the results of the maximum normal strain at the selected positions R1 and R2 (Fig. 2a) from the Stereo-DIC and the FE simulations for Test 3 and Test 4, respectively. Encouragingly, the FE simulations compare very well with the experimental results in most of the load cases and at all locations.  Some discrepancies are expected due to the idealised approach of the FE method where local near-tip events in the material could not be captured.  One exception is for the last three load cases in Test 4, where the predictions significantly underestimated the measured maximum strains.  One of the possible reasons is the relatively high stress levels applied in Test 4, where  reached 40 to 50 and notable microcrack growths occurred in these load sequences.  The crack tip was monitored in the experiments and microcrack growths were considered in the measurement of strains, whilst a constant crack length was used in the FE simulation.  Another reason might be the simple constitutive equations used in the FE model, where the strain memory effect from the previous history was not fully considered. Although an incremental loading scheme was adopted to minimise the pre-history effects, such effects may still exist at higher stress levels. It has been shown that when strain memory effect is considered in a constitutive model, progressive hardening with increasing strain levels may be simulated. In the memory model developed in [33], a plastic strain range memorisation was used to consider both the relation between the strain range, the amount of cyclic hardening and the influence of strain history on the cyclic curve.  It was shown that, when the memory effect of loading history is taken into account, material ratchetting under multi-stepped loadings can be captured for SS316L [33, 41], SS304 [42] and 1070 steel [43]. 
The spatial resolution of the strain measurements using Stereo-DIC is determined primarily by the subset size.  Normally, the subset size should be larger than 3 times the mean speckle size [44].  The current subset size was chosen mainly to have a sufficient number of speckle points and to give a good correlation quality (generally greater than 0.95 in our case).  Admittedly, higher spatial resolution may be achieved by using finer speckles, although for the main objective of this work, the current resolution 1.76um/pixel would seem suffice, if not exceptional.  Padilla et al. [45] used a subset size (50μm, 148μm) larger than the average grain size (48 μm) of their material to study texture and measure micro-strains.  Mathieu et al. [17] used 6.1um/pixel in their in situ experiments when studying parameters governing fatigue crack growth.  Measurements reported in Carroll et al. [6, 46] are of higher resolution (0.087-0.87 μm/pixel), although their work was focussed on microstructural characteristics and residual strains post testing, where the DIC measurements were done either ex situ when the test samples were removed from the test rig, or in situ at minimum loads. 
Fig. 6(a) and Fig. 6(b) show the comparisons of the maximum normal strains obtained at the three selected locations (R1 to R3, Fig. 2b) from the SEM-DIC measurements and the FE simulations, for the two loading sequences (Table 2).  As in the case of the Stereo-DIC, more pronounced ratchetting is found closer to the crack (more at R1 than at R3) and at higher loads (more for Seq 3 than for Seq 2).  As opposed to the Stereo-DIC cases, significant differences are found between the results from the SEM-DIC and the FE.  There are several reasons for this.  Firstly, the continuum approach used in the elastic-plastic FE computations can only produce average strain values, whilst the strains close to the crack tip are strongly dependent on the local polycrystalline structure, which could not be accounted for in the continuum FE model.  Ideally, a specimen-specific FE model with build-in grain orientations and associated material parameters should be used, but this is beyond the scope of this work.  Secondly, the measurement locations in the SEM-DIC are much closer to the crack tip (6-14 m vs 28.5, 57 m in the Stereo-DIC), hence larger strains prevail in the SEM-DIC which are more susceptible to local events under cyclic loading, such as out-of-plane displacements associated with large strains [47], which cannot be measured by the current arrangement. Furthermore, the regular grid and the imperfect positioning of pixel coordinates may also introduce significant spurious strains [48].  Nevertheless a reasonable agreement is found between the SEM-DIC and the FE results when the strain values are within 1.5% to 2.5%, as shown in Fig. 6(a) and Fig. 6(b).  This might be attributed to the fact that the material parameters used in the FE model were tuned by fitting the strain-controlled cyclic experiments at a strain range of 4.0%, and numerical results are known to be strongly dependent on the material parameters. The FE simulations appear to overestimate strains lower than 1.5% while underestimate strains higher than 2.5%. This might also be due to the limited material data available, particularly the lack of data associated with isotropic hardening at the relevant strain ranges, in addition to the lack of microstructural detail as mentioned previously.  Nevertheless the results show that ratchetting occurred very close to the crack tip, consistent with our latest study using Discrete Dislocation Dynamics [23], as well as on a mesoscale measured by Stereo-DIC. 
It should be noted also that only one set of kinematic hardening parameters (C and ) were used in the current single back stress model (Table 3), which may be another source responsible for the discrepancies between the experimental and the simulated results. It has been pointed out [49] that the kinematic model with a single back stress has a limited, often small, strain range over which it is valid.  This weakness is further manifested closer to the crack tip, where large strains are expected.  More accurate description may be obtained using multiple back stresses [50], and strain hardening at higher strain levels can only be captured using multiple back stresses [51].  For example, ratchetting of 316 stainless steel has been studied using the constitutive model with two, three and four back stresses [52], respectively, and the results showed that the model with four back stresses predicted more accurately the uniaxial ratchetting strains.  
5. Conclusions
Ratchetting strain ahead of a stationery crack tip has been identified for the first time in situ at the peak loads using two independent experiments, Stereo-DIC and SEM-DIC, on a compact tension specimen of stainless steel 316L under cyclic loading conditions. The strains normal to the crack plane were recorded over selected distances from 6 to 57 microns to the crack tip for a number of cycles.  The evolution of the near-tip normal strains with loading cycles has been found to occur with loading cycles, and is particularly evident close to the crack tip and under higher loads.  3D finite element models have also been developed to simulate the experiments, and the results from the simulations compare favourably with those from the Stereo-DIC measurements where the influence of microstructure on the crack tip strain field is insignificant, but not those from SEM-DIC, where the influence of microstructure on the crack tip strain field could not be described by the continuum FE model.  
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Fig. 1.	The cyclic loading schemes used in the Stereo-DIC experiment for: (a) Test 3 and (b) Test 4. 








Fig. 2a.	The random speckle pattern painted on the specimen superimposed by a typical displacement map extracted from the Stereo-DIC measurement.  The locations of R1 and R2 are illustrated with respect to the crack-tip.

 











Fig. 3. 	The 3D FE mesh for a quarter of the CT specimen: (a) The crack-tip area used in the Stereo-DIC	model with a minimum mesh size of 1.5m; (b) the crack-tip area in the SEM-DIC model with 	mesh sizes of 2m and 4m; (c) the integration domain with a grid size of 4m for the SEM-DIC 	integration scheme.

























Fig. 5(a) The maximum normal strain evolution with the number of cycles, a comparison of the results from the Stereo-DIC and the FE analysis.









Fig. 6(a) The maximum normal strain evolution with the number of cycles (Seq 2), a comparison of the results from the SEM-DIC and the FE analysis.














Table 1.  The loading conditions used in the Stereo-DIC experiments. 



















Note: The dimensions of the CT specimen used in the experiments are: 
width= 56.0 mm, height=67.0 mm and thickness=7.0 mm







Note: The dimensions of the CT specimen used in the SEM-DIC experiments are: 
width= 23.2 mm, height=28.0 mm and thickness= 6.0 mm.
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